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Abstract—A low complexity generalised space shift keying
(GSSK) experimental set-up for visible light communication
(VLC) is demonstrated. The GSSK encoder is implemented in
a field programmable gate array (FPGA) board. No digital-
to-analog converter (DAC) is required and up to 16 output
channels are supported which greatly exceeds that of an arbitrary
waveform generator (AWG). A 4 × 4 Gallium Nitride (GaN)
micro-LED array is used as transmitter while 4 avalanche
photo diode (APD) receiver boards are acting as receivers.
GSSK exploits the natural differences between the multiple
communication links. The bit error ratio (BER) performances are
evaluated for different transmitter and receiver arrangements. It
is also shown that how different receiver positions and increasing
receiver number will affect the BER performance. The bit error
performance greatly depends on the dissimilarity of the channel
gains. A spectral efficiency of 16 bits/symbol is achieved by using
all 16 micro-LEDs and 4 receivers. The implementation of the
experiment is introduced in detail and experimental results are
given.
Index Terms—Visible light communication, optical modulation,
space shift keying, spatial modulation, micro-LED, FPGA.
I. INTRODUCTION
L IGHT emitting diodes (LEDs) are widely used for illu-mination and in recent years they have been given a new
use - transmitting high speed wireless data. This is referred
to as visible light communication (VLC). VLC has now
become a rapidly advancing technology for optical wireless
communication (OWC). VLC complements Radio Frequency
(RF) technology and offers advantages in terms of capacity,
efficiency, safety and security.
In VLC, visible light is the carrier of information and it
is restricted to intensity modulation (IM) and direct detection
(DD). Incoherent solid-state lighting elements such as LEDs
are widely employed as VLC transmitters. The off-the-shelf
commercial LEDs are designed for lighting and their -3 dB
bandwidth are typically 2-3 MHz [1]. To achieve a higher
communication data rate, great effort is directed towards de-
veloping higher bandwidth LEDs. The work in [2] introduced
a Gallium Nitride (GaN) LED with diameter of 50 µm. With
one single such micro-LED, an optical link with data rates
up to 3 Gbits/s was demonstrated in [3]. As a trade-off, such
high speed link requires a highly complex digital modulation
scheme.
A wide range of modulation techniques have been proposed
for VLC. Turning the LED on and off to represent binary infor-
mation is known as on-off-keying (OOK). It offers low spectral
efficiency but benefits from low complexity in implementation
and is robust against LED non-linearity. Pulse amplitude
modulation (PAM) and optical orthogonal frequency division
multiplexing (OFDM) are also studied and compared in [4],
[5] and [6]. Optical-OFDM offers high spectral efficiency but
suffers from the LED non-linearity [7]. Solutions including
predistortion are presented to counter the effect of LED non-
linearity, but these measures require additional computational
complexity. Multiple input multiple output (MIMO) tech-
niques which offer high data rates by increasing the spectral
efficiency are also studied for VLC [8]. In a typical MIMO
system, all the transmitters are active during transmission
and this causes inter-channel interference which should be
mitigated at the cost of additional computational complexity.
Spatial modulation (SM), introduced in [9] and further
enhanced in [10] and [11], describes a new low-complexity
implementation for MIMO wireless systems. In SM, some in-
formation bits are conveyed in the additional spatial dimension
which is the physical position of each transmitter. During each
symbol transmission, only one transmitter is active so that
inter-channel interference is avoided. In addition, the number
of receivers can be smaller than the number of transmitters.
SM is also studied for VLC in [12, 13] and is combined
with OFDM to achieve high spectral efficiency. Space Shift
Keying (SSK) [14] and generalised SSK (GSSK) [15] are
special cases of SM where only spatial information is sent
and each individual transmitter operates in OOK mode. SSK
and GSSK have all been expanded to optical communication
[16, 17]. Compared to OOK, SSK and GSSK inherit the
robustness against LED non-linearity, but offer higher spectral
efficiency by exploiting the spatial dimension for information
transmission. Compared to PAM and direct current biased
optical OFDM (DCO-OFDM), SSK and GSSK require much
lower complexity in implementation and digital-to-analog con-
verters (DACs) are not required which significantly reduce the
complexity and the cost.
Both SSK and GSSK are well studied for optical com-
munication [16–18] but there are little experimental results.
Work in [19] and [20] present both SSK and GSSK using
the digital camera as receiver. Image sensor receivers have
several advantages against photo diodes (PDs) as the LED
sources are well separated on the image because there are
a large number of pixels which can detect the LED lights.
Thus a higher order operation can be achieved easily by using
more LEDs and the lights are prevented from being mixed by
a high resolution camera receiver. However the data rate is
limited by the camera’s frame rate - up to 1000 frames per
second as reported. The work in [21] shows an experimental
set-up with 2 LEDs and 1 PD receiver and states that the
experimental modulation order is limited by the Arbitrary
Waveform Generator (AWG) which contains only two output
ports.
This work presents a low-complexity GSSK experimental
set-up with a FPGA based GSSK encoder while employing
a 4 by 4 micro-LED array as transmitter and 4 avalanche
photo-diode (APD) receiver boards. Up to 16 micro-LEDs can
be activated for a high order GSSK operation. The bit error
performances for differnet experimental set-up are evaluated.
The remainder of this paper is organised as follows: In
Section II the concept of GSSK is introduced. In Section III the
system set-up in detail is discussed. Results and discussions
are given in Section IV. Finally, conclusions are presented in
Section V.
II. GENERALISED SPACE SHIFT KEYING
A SSK system consists of a transmitter array and a receiver
array. Considering a LED array with Nt LEDs, each LED has
a unique spatial position and it can be represented by a unique
binary index. In SSK operation, only one of the LEDs is active
during each symbol duration. A maximum likelihood (ML)
decoder is implemented on the receiver end to determine which
LED was turned on based on the natural differences of channel
gains between each LED and the receivers. Once the activated
LED is found, its binary index is decoded as the transmitted
data which is in log
2
(Nt) bits. Thus a SSK operation with Nt
LEDs offers a spectral efficiency of log
2
(Nt) bits per symbol.
This operation can be generalised using GSSK by removing
the limitation of turning on only one LED during each
symbol duration. For a LED array of Nt LEDs, there are 2
Nt
combinations of modulating LEDs including turning off all the
LEDs. Thus in the Nt GSSK system the maximum spectral
efficiency is Nt bits per symbol.
During a symbol clock T , a duty cycle τ can be introduced
to control how long the LED will be on during each symbol
duration. A non-return-to-zero (NRZ) pulse pattern is formed
when τ = 1 and each LED is on for the whole symbol
duration. Using a NRZ pulse pattern offers the maximum
spectral efficiency of Nt bits per symbol. When τ < 1 each
LED is turned on for part of each symbol duration then
turned off and the signal is in the return-to-zero (RZ) pulse
pattern. The RZ pattern has better performance against signal’s
baseline drifting and it is helpful for synchronisation purposes.
Varying the duty cycle will also make the LEDs work in
dimmed conditions which supports the IEEE 802.15.7 standard
[22]. An example GSSK scheme for two LEDs when τ = 1
is shown in Fig. 1.
Fig. 1: Example of GSSK scheme for two LEDs
Fig. 2: Experimental Set-up
TABLE I
Receiver Position Receiver coordinate (cm)
1 (35, 0.5, 20.5)
2 (35, 2.5, 20.5)
3 (37, 0.5, 22.5)
4 (37, 0.5, 22.5)
5 (35, 0.5, 21.5)
III. THE EXPERIMENTAL SET-UP AND DESCRIPTION
The experimental set-up is shown in Fig. 2. At the transmit-
ter side, a GSSK encoder is implemented with a Nexys3 board,
which features the Xilinx Spartan-6 LX16 field programmable
gate array (FPGA). The 16 micro-LEDs are plugged into a
daughterboard with 1 cm distance between each forming a 4
by 4 array. The daughterboard is attached to a motherboard
which connects to DC power supply and 16 individual output
ports of the FPGA. Each micro-LED has a plastic aspheric
lens to collimate the light and this reduces the semi-angle to
4 degrees. The 16 micro-LEDs are numbered from 1 to 16
starting from the top left corner one to the lower right corner
one. At the receiver end, up to 4 individual APD receiver
boards are available and no lens is used on the receiver side in
this work. The receivers are set to different positions regarding
different experiments and the coordinates of these positions
Fig. 3: Captured signal when τ = 0.5
Fig. 4: Captured signal when τ = 1
are given in Table I. The link distance is 35 cm or 37 cm
depending on the receiver positions.
The data packets for measurements are generated by the
FPGA and contain three parts: the synchronisation symbols,
channel estimation symbols and data symbols. The synchro-
nisation symbols are used to trigger the signal. In the channel
estimation part, all the possible combinations of LEDs are
activated sequentially and this entire sequence is sent repeat-
edly for 4 cycles. The purpose of this is to train the ML
decoder by capturing the power level for each known GSSK
symbol. After the estimation symbols, 6.4 × 104 bits of data
are encoded and sent. In the designed FPGA encoder, varying
the duty cycle τ is supported which shows that the encoder is a
potential candidate for VLC application where dimmed control
is required. Fig. 3 and Fig. 4 show the sample captured signals
when τ = 0.5 and τ = 1 respectively.
There are four sets of measurements. The first experiment
measures the channel gain between 4 selected LEDs and 2
receivers at different positions. The result shows how each
channel gain differs from the others. The second is measuring
the bit error ratio (BER) performance when using a single
receiver and multiple transmitters. The third experiment shows
how the BER performance behaves when setting receiver
at different positions and using more receivers. The last
experiment employs the entire 16 LEDs and 4 receivers
measuring the BER performance against the achieved data rate
while running at different spectral efficiencies. The switching
frequency for each LED is set to 5 MHz where 5M symbols
Fig. 5: Channel Gain: receiver position 1
Fig. 6: Channel Gain: receiver position 2
are sent per second.
IV. RESULTS AND DISCUSSION
The experiments evaluate the channel gains and BER per-
formances at different spectral efficiencies. Four micro-LEDs
are chosen from the array for the first three experiments. The
LED numbers and their coordinates are given as: LED1 (0, 0,
23), LED2 (0, 1, 23), LED9 (0, 0, 21) and LED10 (0, 1, 21).
As the direction of each LED is irregular when being plugged
into the daughterboard, all the four LEDs are tilted towards
position 5 resulting in forming an overlapping covering area.
In the first experiment, the APD receiver is set at position
1 and then the channel gains between each of the four LED
and the receiver are measured. The result in Fig. 5 shows the
natural differences of channel gains between each LED and the
same receiver. These differences are exploited at the receiver to
estimate which symbol has been transmitted. The measurement
is then repeated by setting the receiver to position 2 and the
result is shown in Fig. 6. By comparing the two figures it is
clear that the channel gain also differs between links from one
LED to receivers at different positions. This is a key feature
exploited by GSSK. If receiver mobility is to be supported,
the system needs to periodically send training information in
order to to be able to decode information correctly.
Fig. 7: BER vs received electrical SNR
In the second experiment, the error performance is evaluated
when using one single receiver and multiple transmitters. Fig.
7 shows the BER performance against the received electrical
signal-to-noise ratio (SNR) when using 2, 3 and 4 transmitters
which results in a spectral efficiency of 2 bits/symbol, 3
bits/symbol and 4 bits/symbol respectively. The channel gain
for LED1, LED2, LED9, LED10 are measured and then
normalised giving [0.14, 0.244, 0.477, 1] respectively. The
received signal for each case is similar to PAM signals at
the same spectral efficiency. However the received power
levels are not equally spaced. When the modulation order
is increased, there are more GSSK symbols that need to be
distinguished. The results show that when one more LED is
used about 5 dB higher SNR is required for achieveing the
similar BER of 1.56× 10−5 for this experimental set-up.
The error performance in the previous experiment is differ-
ent when the receiver moves. Therefore, in the next experiment
two receivers are put at position 1 and 2. The BER perfor-
mance is firstly evaluated based on each receiver and then
the received signals from both receivers are processed jointly.
Results are shown in Fig. 8 and the measured normalised
channel gain values for LED1, LED2, LED9 and LED10 are
[0.25, 0.37, 0.15, 1] at position 1 and [0.31, 0.61, 1, 0.79]
at position 2. As discussed in Fig. 5 and Fig. 6, the channel
gain differs from the same LED set to the receiver at different
positions. The result in Fig. 8 shows that the error performance
of GSSK is strongly dependent on the dissimilarity of the
channel gain values. In addition, by using two receivers the
error performance is significantly improved.
In the last experiment all 16 micro-LEDs and 4 APD
receivers are used. The measurements are taken while running
GSSK at different spectral efficiencies up to 16 bits/symbol.
Results are shown in Table II and the results are measured
without applying forward error correction (FEC). Several
switching frequencies for the LEDs are selected from 5 MHz
to 100 MHz. For a spectral efficiency of 8 bits/symbol, the
measured BER is 1.6 × 10−5 at a switching frequency of
50 MHz (i.e. 400 Mbits/s). When the switching frequency is
increased to 100 MHz resulting in a data rate of 800 Mbits/s,
the BER goes up to 2 × 10−2. This is because when the
frequency increases, especially beyond the -3 dB bandwidth
Fig. 8: BER vs received electrical SNR
of the LED, the power gain of each LED drops resulting
in a lower received SNR. For a switching frequency of 50
MHz and a spectral efficiency of 12 bits/symbol, the BER
is 1.6 × 10−1 which is much higher than that of the case
of 8 bits/symbol. Because as shown in previous result, it
requires higher SNR for achieving the same BER performance
at a higher spectral efficiency. The BER goes down while
decreasing the switching frequency as the power gain of LED
is higher at lower frequency. An operation at the maximum
spectral efficiency of 16 bits/symbol while using 16 LEDs is
demonstrated. The measured BER are 1.6×10−5 and 1×10−1
for 80 Mbits/s and 160 Mbits/s. There are some restrictions
for the current 16 by 4 experimental set-up. Currently only 4
receiver boards are used without using any lens and each of
them has a small active area thus there is significant optical
power loss. In some links only a small part of the optical power
from the LED is captured by the receiver. For such links when
the switching frequency increases, the channel SNR drops
significantly thus errors occur. However, the demonstration
still shows the high data rate potential of GSSK.
TABLE II










An experimental set-up of GSSK using a micro-LED array
and APD receivers is demonstrated in this work. A FPGA
based GSSK encoder is implemented which is capable of
driving up to 16 LEDs. An experiment is carried out showing
the natural differences between the channel gain values of
different links. This is the key concept of GSSK. It is shown
that the channel gains can be quite unique from LEDs to the
same receiver or from one LED to different receivers. More
experiments are carried out evaluating the BER performance
with different set-up. The BER performance against received
electrical SNR is presented in the cases of using 2, 3 and
4 LEDs with single receiver. For the demonstrated set-up,
it is shown that about 5 dB higher SNR is required when
one LED is added to the operation for achiecing the similar
BER of 1.56 × 10−5. Results also show that the BER per-
formance varies when receivers change their positions. It is
a limitation of GSSK that the error performance is highly
dependent on the dissimilarity of the channel gain values.
However the performance can be improved by applying more
receivers which increases the data dimensions in the ML
decoder. It is shown that about 4 dB and 8 dB lower SNR
is required for achiecing the same BER of 10−3 while using
two receivers compared to using single receiver at different
positions respectively. The BER versus data rate measurements
of applying different spectral efficiencies on a 16 by 4 GSSK
set-up indicates the high data rate potential of GSSK. The BER
results show that about 10−5 is achievable with the current set-
up for the spectral efficiencies from 8 bits/symbol up to 16
bits/symbol. For further study, the current experimental set-
up will be improved by employing more receivers and using
lenses to reduce the optical power loss.
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